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Polypropylene–iron-silicon (FeSi) composites with spherical particles and filler content from
0 vol. % to 70 vol. % are prepared by kneading and injection molding. Modulus, crystallinity, and
thermal diffusivity of samples are characterized with dynamic mechanical analyzer, differential
scanning calorimeter, and laser flash method. Modulus as well as thermal diffusivity of the
composites increase with filler fraction while crystallinity is not significantly affected.
Measurement values of thermal diffusivity are close to the lower bound of the theoretical Hashin-
Shtrikman model. A model interconnectivity shows a poor conductive network of particles. From
measurement values of thermal diffusivity, the mean free path length of phonons in the amorphous
and crystalline structure of the polymer and in the FeSi particles is estimated to be 0.155 nm,
0.450 nm, and 0.120 nm, respectively. Additionally, the free mean path length of the temperature
conduction connected with the electrons in the FeSi particles together with the mean free path in
the particle-polymer interface was estimated. The free mean path is approximately 5.5 nm and
decreases to 2.5 nm with increasing filler fraction, which is a result of the increasing area of
polymer-particle interfaces. A linear dependence of thermal diffusivity with the square root of the
modulus independent on the measurement temperature in the range from 300 K to 415 K was
found.VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4764098]
INTRODUCTION
Many electronic devices and integrated circuits require
an effective temperature management because undesired
heat is produced during operation. For the heat conduction
from the device to a heat sink, polymer composites contain-
ing inorganic fillers with high thermal conductivity can be
used1–3 although polymers are the worst heat conducting
materials compared to metals and ceramics. The heat con-
ductivity of such composites only depends on the volume
content of filler particles in the polymer matrix if the heat
conductivity of the particles is approximately fifty times
higher than the heat conductivity of the polymeric matrix.4
While in a polymer the heat is transported solely by
phonons, in a metal also electrons contribute to the heat con-
duction. A typical value for the free mean path length b of
phonons in polymers, which strongly influences heat conduc-
tion, is b ¼ 0:3 nm. By crystallization of polymers, and thus
a diminution of scattering centers for phonons, the free mean
path length can be significantly increased.5 Therefore, the
thermal conductivity of a highly crystalline polymer can be
increased by a factor of 50.6,7 However, in many cases, the
crystallinity cannot be raised and so the addition of particles
is a practicable method for improving thermal conductivity.
Below the electrical percolation threshold, which appears for
spherical particles in a non conducting matrix around 33 vol.
% in the effective medium approximation,8,9 the polymer
matrix composite exhibits mainly the mechanical properties
of the polymer and has typical polymer processing properties
while the composite becomes more and more brittle and
harder to process for filler contents above this threshold.
Simultaneously, Young’s modulus is increased with increas-
ing filler fraction. All these materials’ properties are affect-
ing the phonon’s mean free path length, which is illustrated
here for polypropylene (PP) filled with iron-silicon particles.
THEORY
The thermal diffusivity of a homogeneous composite
with a PP matrix of thermal diffusivity aPP filled with the
volume fraction x of spherical particles of iron silicon (FeSi)
with thermal diffusivity aFeSi can be derived according to the
model of Hashin-Shtrikman (HS)10 by
acomp ¼ aHS ¼ aPP 2aPP þ aFeSi  2xðaPP  aFeSiÞ
2aPP þ aFeSi þ xðaPP  aFeSiÞ ; (1)
which is the lower boundary HS for a matrix diffusivity
aPP < aFeSi. If the matrix consists of a high thermal diffusiv-
ity phase surrounding particles of low thermal diffusivity, i.e.,
an iron silicon matrix would surround polymer particles, the
upper boundary HSþ would describe this diffusivity behavior
acomp ¼ aHSþ ¼ aFeSi 2aFeSi þ aPP  2ð1 xÞðaFeSi  aPPÞ
2aFeSi þ aPP þ ð1 xÞðaFeSi  aPPÞ :
(2)
For HS, the particles are insulated from each other while
for HSþ the particles are interconnected into a three
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dimensional network. Using the model diffusivities calcu-
lated with the approach by Hashin and Shtrikman, the inter-
connectivity of the conducting phase Xinterconnected can be
revealed according to Schilling and Partzsch2,3,11
Xinterconnected ¼ ameasured  a
HS
aHSþ  aHS ; (3)
with the measured thermal diffusivity ameasured of the compos-
ite. The as determined interconnectivity is a relative measure
of the accordance of the measured values with Hashin-
Shtrikman bounds. Interconnectivities with Xinterconnected ¼ 0
represent measurement values coinciding exactly with the
Hashin-Shtrikman lower bound, while Xinterconnected ¼ 1 rep-
resent measurement values located exactly on the Hashin-
Shtrikman upper bound. Typically, Xinterconnected is between a
value of 0 and 1, and also negative values are possible, if
measurement values are lying below Hashin-Shtrikman lower
bound. Because the interconnectivity Xinterconnected is calcu-
lated for each filler fraction x, the values XinterconnectedðxÞ can
decrease or increase with increasing filler fraction depending
on the location of the measurement values related to the
Hashin-Shtrikman bound. Thus, the interconnectivity can be
understood as a relative measure of an ideally interconnected
network of the phase with high thermal diffusivity. As the dif-
fusivity is dominated by the smallest junctions of the path of
high diffusivity, the resultant interconnectivity is dominated
by these junctions. If, for example, the phase of high diffusiv-
ity is interconnected by point contacts, most of this phase will
not directly contribute to the overall diffusivity—not ideally
interconnected—and the determined interconnectivity is
dominated by point contacts. This especially holds true, if the
difference between the diffusivities of the different phases is
huge. An interconnectivity equal to 0 would mean that filler
particles do not form a network and diffusivity values vs. filler
fraction follow the lower boundary of the Hashin and Shtrik-
man model. In contrary, an interconnectivity equal to 1 means
that the filler material forms an ideal 3D network and would
follow the upper boundary of the model by Hashin and Shtrik-
man. Thus, it is imaginable that, in fact, the possible number
of particle-particle contacts is increasing with filler fraction
but the number of contact points related to the maximum
number of possible particle-particle contacts is poor which
results in a low interconnectivity.
In each theoretical approach, the resistance of the bound-
ary between matrix and particle is neglected. The presence of
this resistance is due to an acoustic mismatch evoked by dif-
fering Young’s moduli. In a simple model, acoustic phonons
can be treated like particles of an ideal gas. Now, the thermal
conductivity k can be defined using Fourier’s law
~q ¼ krT; (4)
with the heat flux ~q and the temperature gradient rT. Ther-
mal conductivity is connected with the thermal diffusivity a,
specific heat capacity cp, and specific density q by
k ¼ a cpq: (5)
In this equation, the product C ¼ cpq is the specific heat
per volume. Furthermore, the thermal diffusivity can be
described with the Einstein approximation12 by the product
of the phonon’s velocity v and its mean free path b
a ¼ 1
3
vb: (6)
In general, the speed of an acoustic wave in a medium is
approximately given by
v 
ﬃﬃﬃﬃ
K
q
s
; (7)
and the bulk modulus K can be estimated from Young’s
modulus E and Poisson’s ratio l from13
K ¼ E
3ð1 2lÞ : (8)
Finally, the Poisson’s ratio lc of the composite consisting of
PP and iron-silicon (FeSi) particles can also be estimated
using a mixing rule. Hsieh and Tuan14 discussed several
models and advices against Hashin-Strikman model. How-
ever, due to the big differences in Young’s modulus for iron
silicon and polypropylene, the differences in calculated Pois-
son’s ratios using Hashin-Shtrikman lower bound or series
model are neglecting and thus here the series model
lc ¼
ð1  xÞlPPEFeSi þ xlFeSiEPP
ð1  xÞEFeSi þ xEPP ; (9)
with the volume fraction x of FeSi particles in the polymer is
used. Data for Poisson’s ratio can be taken from Refs. 15 and
16. Using Eqs. (7)–(9) in Eq. (6), the phonon’s mean free
path can be estimated by
b ¼ 3aﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
E
3qcð12lcÞ
q ; (10)
whereas qc denotes the density of the composite. Further-
more, Eq. (10) shows a proportionality of a  ﬃﬃﬃEp .
In metallic materials, the thermal conductivity km is
composed additively of a lattice component due to phonons
kp, an electronic component ke related to thermal transport
by electrons, and an interface component kic
km ¼ kp þ ke þ kic: (11)
Thermal energy from metal particles to the polymer can be
transported either by coupling of electrons and phonons
within the particle and than subsequently to phonons in the
polymer or by coupling between electrons of the metal and
phonons of the polymer by anharmonic interactions at the
metal-polymer interface.17 Theoretical and experimental
works to quantify the metal polymer interactions are rare.17
In this work, metal-polymer interactions are supposed to be
a disturbance, which allow to use a series model. The elec-
tronic component can be described by the Wiedemann-
Franz law12
ke ¼ LrT; (12)
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where L ¼ p2=3ðkB=eÞ2 ¼ 2:44 108 WX=K2 is the theo-
retical Lorenz number while experimental values are lying
between 2:1  108 WX=K2  L  2:9 108 WX=K2,18
kB is the Boltzmann constant, r is the electrical conductivity,
and e is the elementary charge. With Eqs. (5) and (12), the
thermal diffusivity of the electronic component holds
ae ¼ LT rqcp : (13)
EXPERIMENTAL
As polymer, a commercially available PP (H734-52RNA,
DOW, Germany) and as filler material spherical micro par-
ticles of iron-silicon with 6.8% silicon (FeSi6.8, H€ogan€as
S.A., Sweden) with mean particle diameter d50 ¼ 58lm and
particle sizes smaller than 106lm were chosen. The specific
electrical resistivity of FeSi6.8 is .elFeSi6:8 ¼ 85  108 Xm,
specific density is qFeSi6:8 ¼ 7:48 g=cm3, and the coefficient
of thermal expansion is b ¼ 1:2 105=K.19 The dynamic
storage modulus of iron silicon is in the investigated tempera-
ture range constant at E0FeSi6:8 ¼ 211 GPa.
PP-FeSi6.8 composites with filler content in the range
from 0 vol. % to 70 vol. % were prepared by kneading
(Rheomix 600 p, PolyLab-System, Thermo Haake, Ger-
many). Afterwards, by injection molding (Arburg Allrounder
220C, Arburg GmbH & Co KG, Germany) rectangular speci-
men (35  10  4 mm3) for use in dynamic mechanical
analysis (DMA) and disc shaped specimen (diameter
d¼ 25.4 mm, thickness t¼ 1 mm) for thermal diffusivity
measurements by laser flash method (LFA) were prepared.
Additionally to the composites, also the thermal diffusiv-
ity of a pure iron-silicon alloy (FeSi) sample with 6.5% silicon
purchased at Mateck GmbH (J€ulich, Germany) was measured.
The thermal diffusivity was investigated in a laser flash
apparatus (LFA 427, Netzsch-Ger€atebau GmbH, Germany)
from 300 K to 415 K under helium atmosphere. Samples
were covered by a thin graphite layer to ensure a good
absorption of the laser light and to prevent damage by the
laser pulse. The curves of the detector signals after the laser
pulse showed the best fit with the applied Cowan model.3
The accuracy of this measurement method is 5%.
For mechanical characterization, a dynamic mechanical
thermal analyzer (DMTA) (DMA 2980, TA Instruments,
Alzenau, Germany) in forced vibration single cantilever
mode was used. The temperature ranged from 200 K to
425 K at a heating rate of 3 K/min and an induced frequency
of 8 Hz. An amplitude of 5lm was applied. The maximum
strain during the measurement was emax ¼ 1:4 104. The
temperature was calibrated using indium, lead, tin, and zinc
standards to achieve a minimum temperature deviation of
0.2 K. The repeating accuracy of storage modulus is 3%.
Crystallinity measurements of samples were carried out
from 295 K to 460 K with a heating rate of 5 K/min using a
differential scanning calorimeter (DSC 2920 modulated, TA
Instruments, Alzenau, Germany). The DSC was calibrated
with indium and tin standards. The fraction of crystallization
was estimated using a standard melting enthalpy of 207 J/g
for 100% crystalline PP.20
Filler fraction in the composites was checked by meas-
urements with thermogravimetric analysis (Q5000 IR, TA
Instruments, Alzenau, Germany) in high resolution mode.
RESULTS AND DISCUSSION
In Figure 1, the temperature dependent thermal diffusiv-
ity of the investigated polypropylene composites depending
on the filler content can be seen. Thermal diffusivity
increases at a temperature of T¼ 300 K from aðPPÞ ¼
0:14 mm2=s for unfilled polypropylene up to aðPPþ70%FeSiÞ ¼
0:8 mm2=s for polypropylene with 70 vol. % FeSi. The ther-
mal diffusivity of unfilled polypropylene is comparable to
values (0:12 mm2=s  a  0:24 mm2=s) already published
for different types of polypropylene.2,3,9,21 The measured
thermal diffusivity of the iron silicon alloy with aðFeSiÞ ¼
5:5 mm2=s at 375 K is lower than the value of a ¼
6:1 mm2=s reported by Geld at about 375 K,22 however, that
might be a result of different micro structures of the investi-
gated samples. Using the specific heat capacity of cp ¼
0:54 J=ðgKÞ measured with differential scanning calorimeter
and literature values for density and specific electrical con-
ductivity,19 a Lorenz number of L ¼ 1:8  108 WX=K2 at
T¼ 300 K with Eq. (13) can be estimated. This value is
below the experimental values mentioned in the theoretical
part, but it is significant above the value of L ¼ 1:08
108 WX=K2 found by Beitchman et al.23 Also, Williams
et al.24 found values around 0:8  L for the Lorenz number,
which are significant below the literature values for iron
reported in Ref. 18 While Beitchman investigated a-iron,
Williams examined different alloys of a-iron.
Compared to the thermal diffusivity of FeSi of aðFeSiÞ ¼
5:2 mm2=s at room temperature T¼ 300 K, the values of the
composites are quite low indicating a heat transport mainly
influenced by the polymeric matrix. This interpretation addi-
tionally is supported by the decrease of thermal diffusivity
with increasing temperature according to Eqs. (6) and (7) due
to the softening of the polymer. This behavior is well known
from baryte and magnetite filled polymer composites.2
FIG. 1. Thermal diffusivity a of polypropylene filled with 0 vol. % to 70
vol. % content of FeSi particles at different temperatures.
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The poor contribution of the FeSi particles to the overall
thermal diffusivity can be seen in Fig. 2, in which only data
for T¼ 300 K and T¼ 415 K are shown for reasons of clarity
because symbols of all other measured data would overlap
the shown symbols. As it can be seen for low filler fractions
of 10 vol. % to 20 vol. % FeSi, the measured values are close
to the theoretical upper bound. For increasing filler fraction,
the measured data are getting closer to the lower bound of
the Hashin-Shtrikman model. Using the model interconnec-
tivity Xinterconnected , this finding means that the particles form
a good interconnected network for low filler fractions while
it becomes worse for higher filler fractions. The as deter-
mined interconnectivity can be understood as a relative
measure to an ideally interconnected network of the high
thermally conducting phase. As the diffusivity is dominated
by the smallest junctions of the path of high diffusivity, the
resultant interconnectivity is dominated by these junctions.
This means that especially at high filler fractions the contri-
bution of the FeSi phase to the thermal diffusivity is poor
and the temperature is mainly distributed by the polymer and
not by the filler.
As can be seen in Fig. 3, the interconnectivity is around
Xinterconnect ¼ 40% for polypropylene with 10 vol. % FeSi.
The interconnectivity is quite constant for increasing temper-
ature up to T¼ 415 K. With increasing filler fraction, the
interconnectivity decreases and finally it shows negative val-
ues for a filler fraction of 70 vol. %. It should be noted here
that a decreasing interconnectivity does not mean that there
are minor inter-particle contacts but that measurement values
are approaching Hashin-Shtrikman lower bound and finally
they are below this bound. Contrary to the Hashin-Shtrikman
upper bound where the composite properties are dominated
by the filler particles, the thermal diffusivity at the lower
bound is mainly characterized by thermal properties of the
matrix material while the filler does not contribute in a signif-
icant manner to the overall thermal diffusivity. Hence, the
low values for interconnectivity suggest a temperature distri-
bution in the composite which is mainly controlled by the
polymer even at this high filler fractions. The value of the
interconnectivity below Hashin-Shtrikman lower bound could
lead to the assumption that there might some air, vacuoles, or
any additional third phase be trapped in the composite sam-
ples. However, this can be avoided in the sample’s manufac-
turing process using a high pressure and after pressure during
injection molding process. In fact, vacuoles appeared only in
samples of several millimeters thickness in unfilled or low
filled polymers while they could not be found in highly filled
composites or very thin samples like the specimen used in
these investigations. Furthermore, until now measurements of
specific gravity as well as high resolution thermogravimetric
measurements (not shown here) gave any hints to a third
phase but they approved the fact, that all samples were pre-
pared and characterized very carefully.
However, using Eq. (10), the mean free path length of
phonons b in the investigated composites (cf. Fig. 4) can be
calculated using measurements of the storage modulus E0
(cf. Fig. 6). In Fig. 4, it can be observed, that the mean free
path length of the phonons b is increased from b  0:3 nm at
FIG. 2. Measured thermal diffusivity data for T¼ 300 K and T¼ 415 K of
polypropylene filled with 0 vol. % to 70 vol. % content of FeSi particles and
for a FeSi alloy compared with theoretical diffusivities calculated with
Hashin-Shtrikman model.10
FIG. 3. Interconnectivity X calculated using Eq. (3) for measured thermal
diffusivity dependent on filler fraction and temperature.
FIG. 4. Calculated mean free path length of phonons in polypropylene-FeSi
composites for FeSi content up to 70 vol. % using Eq. (10) and modulus
data taken from Fig. 6. Poisson’s ratio of the composites was taken from
Ref. 15.
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a temperature of T¼ 300 K in polypropylene to b  2:6 nm
at T¼ 300 K for polypropylene with 70 vol. % FeSi. The
mean free path length shows a slight decrease with increas-
ing temperature. While especially for the composites with
70 vol. %, 60 vol. %, and 10 vol. % of FeSi a decline of
the mean free path appears between T¼ 340 K and T¼ 360 K
the other composites seem to show a depression at T¼
360 K. The free path length of phonons in amorphous poly-
mers is in the range of the distance of the carbon atoms. In
the case of amorphous PP, the distance is about 0.154 nm,
which is two times the radius of carbon atoms with
r¼ 0.077 nm. The investigated polymer is a semi-crystalline
polymer with a crystallinity of about 50% (cf. Fig. 5). Thus,
the transmission of vibration is favored compared to amor-
phous polymers and the mean free path of phonons enlarges
dramatically.5 It can be assumed that the modeled mean free
path length of b ¼ 0:3 nm for polypropylene might be the
result of the high amount of crystallites.
Fig. 5 shows that the crystallinity of all investigated
samples is nearly identical and lies in the range from 52% to
57%.
Nevertheless, it can be seen that a composite filled with
10 vol. % FeSi shows a higher crystallinity than an unfilled
one. Raising the filler contend leads to a decrease of crystal-
linity and ends up in a crystallinity grade at 70 vol. % which
is smaller than in the unfilled polymer. It might be that FeSi
particles act as nucleation agent for the growth of crystalli-
tes. In contrary larger amounts of filler seem to hinder crys-
tallites to be formed, which is due to the increasing interface
area between particles and polymer. However, the influence
on the free path length of the phonons in the polymeric ma-
trix can be neglected since differences in crystallinity are too
small.
Therefore, the mean free path length of phonons in the
polymeric matrix of the composite should have identical
values and the increase in free mean path length of FeSi
filled polymer must be the result of the FeSi particles.
Additionally, the value of the mean free path length in the
polymeric matrix must be a combination of the mean free
path length of phonons in the amorphous and of the crystal-
line part of the polypropylene. This means that the mean free
path length of phonons must be reduced for the polypropyl-
ene sample as well as for the composites when temperature
first exceeds glass transition temperature at Tg ¼ 300 K of
polypropylene (cf. Fig. 6) and secondly crystalline melting
temperature Tcryst  438 K (cf. Fig. 5) of the polypropylene.
Unfortunately, these temperatures are not lying within the
measured temperature range of thermal diffusivity. Never-
theless, for higher temperatures between glass transition tem-
perature and crystalline melting temperature, the phonon
mean free path is reduced, which especially can be seen for
temperatures above T  340 K (cf. Fig. 4). This behavior
corresponds with a softening of the polymer which is
obvious in Fig. 6 showing the decline of the temperature de-
pendent storage modulus E0 in this temperature range.
The measurement results in Fig. 6 are illustrating a
significant drop of the storage modulus E0 especially around
the glass transition temperature Tg ¼ 300 K. Furthermore,
the significant influences of the FeSi particles can be clearly
observed in the glassy region at temperatures below glass
transition temperature of polypropylene. In the high tempera-
ture region above the crystalline melting temperature of
Tcryst ¼ 348 K, the mechanical properties of the PP-FeSi
composites are mainly affected by the polypropylene matrix
which leads to a very low storage modulus. In the examined
temperature range an increase in the filler content results in a
rising storage modulus. The influence of particles on storage
modulus is eliminated by raising the temperature. The rein-
forcement of the particles can be attributed to its stiffness,
particle-matrix interactions, and connections, respectively,
and increasing particle-particle interactions at higher filler
contents. The percolation threshold is around 30 vol. % filler
content. Below this amount, the homogeneously distributed
particles are completely separated from each other and sur-
rounded by the PP matrix.2,9,25 As can be seen in Fig. 6, the
modulus of the composite with 70 vol. % FeSi is lower than
the modulus of the composites with 40, 50, and 60 vol. % of
FIG. 6. Temperature dependent storage modulus E0 of polypropylene-FeSi
composites with different FeSi contents measured with a DMA at a heating
rate of 3 K/min.
FIG. 5. Temperature dependent heat flow (DSC curves) of polypropylene-
FeSi-composites with different FeSi contents at a heating rate of 5 K/min.
The fraction of crystalline polypropylene was estimated by comparison of
the measured enthalpy with standard enthalpy for 100% crystalline polypro-
pylene. The crystalline melting temperature is around Tcryst ¼ 438 K.
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FeSi filler. Around this filler fraction, a random close pack-
ing for polydisperse particles can be found.26 Therefore,
particles can come into close contact. It can be assumed that
due to the low amount of polymer in this composite many
particle-particle contacts exist without or only with a low
amount of polymeric matrix between particles bonding them
together. This leads to the decrease of the storage modulus.
For a temperature higher than the glass transition tempera-
ture, where the polymer chains become more and more mo-
bile, and approaching the crystalline melting temperature the
storage modulus of PP with 70 vol. % FeSi is higher than the
modulus of composites with lower filler fraction. At these
temperatures, the polymer is sticking the particles together
and thus the modulus is higher than the modulus of the com-
posite with 60-vol. % particles. Also here, the assumption of
a third phase (e.g., air inclusions) can be excluded. A low
amount of air in the composite would mean, that the resulting
storage modulus would follow the Hashin-Shtrikman upper
bound. Then, a very high volume fraction of air would be
necessary to decrease the storage modulus in the observed
dramatic manner. Furthermore, such a high volume fraction
of air would lead to a dramatic lower specific density of the
samples, which was not observed.
Using the data from Fig. 6, the relation a  ﬃﬃﬃEp of Eq.
(10) is shown in Fig. 7. It is remarkable that the temperature
dependent diffusivity values for the polypropylene and the
polypropylene-FeSi composites can be fitted by a straight
line within the investigated temperature range. With increas-
ing filler fraction, the scatter of diffusivity values from fit
lines is increasing. In spite of this, the deviation of measure-
ment values from fit line is only 0:03 mm2=s for the compos-
ite with 70 vol. % FeSi. Also this scatter is within the
measurement accuracy. However, this might be explainable
with the poor connection of the particles also leading to an
unrealistic low storage modulus. Nevertheless, without this
unrealistic low storage modulus, it can be expected that the
values for this composite are lying on the same fit function.
This can be expected because the
ﬃﬃﬃﬃﬃﬃﬃðEÞp values for measure-
ment temperatures higher than 380 K, which are lying on this
function obviously seems to be correct and only measure-
ment values for lower temperatures are moved to lower
values of the storage modulus.
The slope of the fit curves is dependent on the mean free
path of the phonons according to Eq. (10). The fit functions
and the mean free path of the phonons calculated from the
slope are listed in Table I. The mean free path of phonons in
unfilled polypropylene with b ¼ 0:283 nm is comparable to
the value shown in Fig. 4. This is not astonishing, because the
values are estimated using the same model and same data.
Contrary to the first method of estimation of data from single
values now, the data were found by a nearly temperature inde-
pendent method leading to a mean value of the mean free path
of phonons in the material. Second, using the slopes of the
regression lines leads to values of the mean free path of pho-
nons which is independent on the changes of the modulus due
to the FeSi powder, while the intersection with the ordinate
(cf. Fig. 7) shows the influences of iron silicon on thermal dif-
fusivity of the composites or the crystallites of the polypropyl-
ene, respectively. Thus, the mean values of all listed values in
Table I lead to a mean phonon’s free path of b ¼ 0:153 nm
which is just the theoretical value (btheory ¼ 0:154 nm) for
amorphous polypropylene.
Regarding the results of the mean free path of phonons
as can be seen in Fig. 4, it can be assumed that the estimated
phonon’s free path is the sum of the free path in amorphous
and in crystalline part of the polymer. If the mean free path
in the amorphous fraction (xa ¼ 50%) of the polymer equals
bamorph ¼ 0:154 nm than the mean free path of phonons in
the crystalline fraction xc ¼ 50% of the polymer must equal
bcryst ¼ 0:450 nm to find a mean free path in the semicrystal-
line polypropylene of around bsc ¼ 0:300 nm, if an arithme-
tic mean value bsc ¼ xa  bamorph þ xc  bcryst is taken. As a
maximum change of thermal conductivity in polymers, a fac-
tor of 7.5 was found for ideal crystallinity while experimen-
tal results have lead to an increase of a factor 2.2 compared
with amorphous polymers,5–7 which is according to the here
presented result. As can be seen in Fig. 5, the crystallinity of
the polymer does not change significantly with the content of
particles and therefore also the mean free path of the pho-
nons in the polymeric matrix of the composites does not
change for temperatures below glass transition temperature
Tg ¼ 300 K. In fact, a significant change of phonon’s mean
FIG. 7. Relation between square root of the modulus and thermal diffusivity
for different polypropylene-FeSi composites using Eq. (10).
TABLE I. Coefficients of linear regression of the type y ¼ aþ b  x for
straight lines visible in Fig. 7. The mean free paths of phonons b from the
slope of the regression lines were calculated using Eq. (10) and l ¼ 0:33
and calculated material’s density.
Material a ðmm2=sÞ b ð mm2
s
ﬃﬃﬃﬃﬃﬃ
MPa
p Þ b (nm)
PPþ 0 vol. %FeSi 0.09735 8.12213 104 0.283
PP þ 10 vol. %FeSi 0.27605 4.27150 104 0.113
PPþ 20 vol. %FeSi 0.35011 3.01002 105 0.067
PPþ 30 vol. %FeSi 0.43002 4.65010 104 0.090
PPþ 40 vol. %FeSi 0.46029 1.15000 103 0.201
PPþ 50 vol. %FeSi 0.53093 7.89578 104 0.127
PPþ 60 vol. %FeSi 0.58873 1.02000 103 0.152
PPþ 70 vol. %FeSi 0.67990 1.39000 103 0.194
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free path cannot be seen for temperatures below T¼ 340 K
(cf. Fig. 4). Thus, the changes in the mean free path of the
composites bcomp with increasing filler fraction which can be
seen in Fig. 4 can be attributed to the number of iron-silicon
particles and according to Eq. (11) to the electronic part of
the mean free path and the interface component in the ther-
mal conductivity.
Calculating the mean free path in the filler particles
based on the same assumption of an arithmetic mean value
the mean free path of phonons in the filler particles and
the interface component bFeSiþIC can be calculated using the
equation bcomp ¼ xPP  bsc þ ð1  xPPÞ  bFeSiþIC with the
fraction xPP of polypropylene in the composite. However,
heat conduction in filler particles has an contribution by pho-
nons and by electrons (cf. Eq. (11)). The contribution by
phonons can be calculated to be bphonons ¼ 0:118 nm using
Eq. (10) with the thermal diffusivity aFeSi ¼ 5:2 mm2=s, the
modulus of E0FeSi ¼ 211 GPa, and the Poisson’s ratio l ¼ 0:3
of FeSi. Fig. 8 shows the electronic and interface part of the
mean free path plotted against the filler fraction. It can be
seen that the mean free path calculated from the electronic
and interface part of the heat conduction decreases with
increasing filler fraction from bFeSi  5:5 nm at 10 vol. %
FeSi particles in the composite down to bFeSi  2:5 nm at
60 vol. % FeSi in the composite. Regarding that the filler
particles are much larger than the electron-phonon coupling
length, it can be assumed that the mean free path within the
FeSi particles is constant.17 Thus, this decrease can be
explained by an increase of boundaries between the particles
and by an increasing interface area between particles and
polymer which act as scatter centers for the heat conducting
electrons and phonons. Only the value at 70 vol. % FeSi par-
ticles in the composite shows an increased mean free path.
However, most likely this is due the missing polymer matrix
between particles leading to an unexpected low value of the
storage modulus (cf. Fig. 6) at this filler fraction which
finally leads to an incorrect value of the mean free path at
this filler fraction.
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